The effect of mixed mutagen exposures on the rate and type of induced mutants was studied in the L5178Y/TK +/---* TK -/-mouse lymphoma cell mutagenicity assay. In this assay, exposure to ethyl methanesulfonate (EMS) results in more mutants that form large colonies than small colonies. Exposure to methyl methanesulfonate (MMS) results in more mutants that form small colonies than large colonies. Other reports in the literature suggest that large colony TK -/-mutants appear to result from small-scale, perhaps single-gene mutations, and that small-colony TK -/-mutants appear to be associated with chromosomal mutations. Treating ceils for 4 h with simple, 2-component mixtures containing 6.45 #g/ml MMS and either 261, 392, 560 or 712/xg/ml EMS resulted in synergism of mutants at each mixture level. The frequencies of total mutants were synergized 12, 20, 35 and 72%, respectively, in mixed exposures with graded doses of EMS, above the sums of the mixture components. Small colony mutants were synergized to a greater extent than large colony mutants. The frequencies of small colony mutants in mixed exposures were increased 31, 54, 73 and 123%, respectively, while the frequencies of large colony mutants were increased -7, -6, 11 and 39%. Statistical analyses provide strong evidence of synergism (within the limits of the assay) for total and small-colony mutants at all doses of EMS tested, and for large-colony mutants above 400 /~g/ml EMS. Similar magnitudes of synergism resulted when other constant levels of MMS (4.30 or 8.60 /~g/ml) were mixed with the same graded doses of EMS. The degree of synergism was dependent on EMS concentration but not on MMS concentration. from studies with single agents, but increasing interest in identifying and assessing environmental hazards points to the need for more information on mixed exposures. A review of mixed exposures and chemical interactions relative to mutagenicity has been published by Tennant et al. (1987 
benzo[e]pyrene (Hass et al., 1981) , with mixtures of propyl gallate and N-hydroxy-2-acetylaminofluorene (Rosin, 1981) , and from our laboratory, with mixtures of aflatoxin B 1 and butylated hydroxytoluene (Shelef and Chin, 1980) . Synergistic effects have also been observed in mammalian cells (V79) with 1,3-bis(2-chloroethyl)-lnitrosourea (BCNU) and streptozocin (Harbach et al., 1982) . Using the micronucleus assay, Watanabe et al. (1982) showed that Cd 2÷ enhanced the mutagenicity of dimethylnitrosamine in mice.
The L5178Y/TK ÷/----> TK -/-mouse lymphoma cell mutagenicity assay, as standardized by Turner et al. (1984) , was used in the present study because it permits the recovery of two classes of thymidine kinase (TK) deficient mutants. By using EMS and MMS, each of which induces predominantly one class of mutant, L5178Y/TK +/-cells afford a unique way of studying the genotoxic effects resulting from the interaction of these two mutagens. reported that TK -/-mutant colonies in soft agar have a bimodal distribution for size. Mutants form large and small colonies, depending on the type of genetic damage (Clive and MooreBrown, 1979; Moore-Brown and Clive, 1979; Clive et al., 1980; Clive, 1983; Moore et al., 1985a) . Large colonies indicate small-scale, perhaps intragenic (single-gene), damage and small colonies represent larger incursions on the genome, perhaps in the form of intergenic (chromosomal) damage. Some doubt concerning the origin of small-colony mutants has been raised by Amacher and Paillet (1981) , who suggested that small colonies can result from trifluorothymidine (TFT) selection or delayed toxicity. Their skepticism was recently proven to be unwarranted because: (1) Oberly et al. (1986) showed that induced and spontaneously formed small-colony mutants truly lack TK enzyme activity, and (2) additional cytogenetic data established that most small-colony mutants originate from cells that possess at least one chromosomal aberration in chromosome 11 (HoNer et al., 1981 (HoNer et al., , 1983 (HoNer et al., , 1985 Moore et al., 1985b; Blazak et al., 1986) , which contains the mouse tk gene (Kozak and Ruddle, 1977) .
In this publication, we apply binary mixtures of MMS and EMS to the mouse lymphoma cell mutagenicity assay and show that these mixtures synergize the formation of mutant colonies. We introduce the term % change, as a measure of the magnitude of synergism relative to the mutant frequencies in separate exposures. Mixtures of MMS and EMS are synergistic in accordance with the definition proposed by the United Nations Scientific Committee (1982) : the number of mutants obtained with mixtures of MMS and EMS exceeds the sum of the mutants obtained with separate exposures to MMS and EMS. At the doses tested, synergism was dependent on EMS concentration but not MMS concentration. Surprisingly, synergism was higher among small colony mutants -the predominant type produced by MMS -than among large-colony mutants, which are the predominant type induced by EMS.
Materials and methods

Cell culture
Mouse lymphoma L5178Y/TK +/--3.7.2C cells were obtained through the generosity of Dr. Donald Clive, Burroughs Wellcome Co., Research Triangle Park, NC. They were maintained in suspension culture in Fischer's medium (Gibco, Grand Island, NY), supplemented with 10% horse serum, 0.22 /~g/ml sodium pyruvate, and 1.0 mg/ml Pluronic F68 (BASF Corp., Wyandotte, MI). Cultures were incubated at 37 °C on a combination incubator-shaker (125 rpm) and cleansed weekly to kill spontaneously formed TK -/-mutants.
Mutagens
MMS (Eastman Kodak Co.) and EMS (Eastman Kodak Co.) were purchased from Sigma Chemical Co., St. Louis, MO. MMS was dissolved in phosphate-buffered safine (PBS). EMS was dissolved in dimethyl sulfoxide (DMSO) and diluted with PBS. Each culture flask (treated and solvent controls) contained the same amount of DMSO (0.1%) and PBS. Both mutagens were prepared fresh and sterilized by filtration.
Mutation assay
The L5178Y/TK+/-~ TK -/-mouse lymphoma cell mutagenicity assay was conducted in conformance with the protocol of Turner et al. (1984) , with a 4-h exposure to mutagen followed by 48 h for expression of mutations. The selection medium for TK -/-mutants contained 1.0/zg/ml trifluorothymidine (Sigma Chemical Co.), 0.37% Noble agar (Difco, Detroit, MI), and 20% horse serum in Fischer's medium. TK -/-mutants were selected after incubation for 14 d in the presence of TFT under 5% CO 2 in air at 37°C. Mutant colonies were counted by eye with the aid of a magnifying colony counter. Small and large colonies in soft agar were distinguished by size. The criteria for scoring a small colony were that the colony be round, intact, and in the range of 0.15-0.6 mm in diameter. Typical colony sizes were determined by a magnifying lens that contained a sizing grid. Most small colonies were approximately 0.25 mm in diameter. Large colonies were approximately 3-4 times the diameter of small colonies. A large colony, likewise, had to be round, intact, and in the range of 0.60-1.0 mm in diameter. Most large colonies were approximately 0.75 mm in diameter.
Statistical analysis of mixtures
Induced mutant frequencies (IMFs) were calculated as the number of induced mutants/106 survivors for total mutants, small-colony mutants, and large colony mutants. IMFs were used to calculate % change: where A and B are components of mixtures. Positive % change indicates synergism, zero % change indicates addition, and negative % change indicates antagonism. Synergism of total, small, and large colony mutants was analyzed by weighted least squares regression analysis (Neter et al., 1985) . A weighted approach was selected because the observed variability in % change increased with EMS dose. Inverse sample variances were used as the weights for regression analysis.
Results
Mutant colonies were synergized when mouse lymphoma cells were exposed to binary mixtures of MMS and EMS. Within an experiment, cells were exposed to a constant concentration of MMS (either 4.30, 6.45 or 8.60 #g/ml) and graded concentrations of EMS (261,392, 560 and 712 #g/ml). Tables 1 and 2 show the results of a typical, constant MMS:gradeed EMS mixed exposure experiment, in this case to 6.45 #g/ml MMS + 261, 392, 560 or 712 #g/ml EMS. Table 1 lists the data (colony counts, survival and mutant frequencies) used for the analysis of synergism, which is presented in Table 2 . The dose of MMS was mildly toxic (83% relative total growth and mutagenic (IMF = 386; spontaneous frequency (fs = 55). In our laboratory, dose response for MMS appear to be linear to 18.4/zg/ml. Single doses of EMS were also moderately toxic (45-86% relative total growth) and mutagenic. Dose responses for EMS also appear to be linear, to 712/zg/ml (Fig. 1) . A comparison of the actual mixture IMFs with the expected IMFs (determined by adding together the corresponding single agent IMFs; Table 2 ) resulted in positive % change values for total mutants: 9, 24, 59 and 66%, respective to increasing doses of EMS. Of the two colony types, the % change values were greater for small-colony mutants: 34, 67, 117, 158%, than large-colony mutants: -8, -3, 26, 16%. Total and small-colony mutants were apparently synergized at these levels of EMS. EMS was the variable component in this experiment, and more small-colony mutants were synergized than large-colony mutants. Cloning efficiencies show that cytotoxicity was not synergized.
Figs. la-c show the mean values, when the experiment described in Tables 1 and 2 was repeated 5 times. Fig. la is a plot of IMFs for total mutants against exposures to EMS, and shows that all mixtures appear to be synergistic. The mean values of % change were 12, 20, 35 and 72%, respectively, with increasing doses of EMS. Fig.  lb is a plot of IMFs for small-colony mutants against exposures, and shows higher levels of apparent synergism for all the mixtures. The mean values of % change were 31, 54, 73 and 123% respectively. Fig. lc is a plot of IMFs for largecolony mutants against exposures, and shows apparent synergism for the two highest concentrations of EMS only. The mean values of % change were -7, -6, 11 and 39%, respectively.
Regression analysis of % change against EMS concentration was used to test the hypothesis of additivity, and to test the dependency of synergism on EMS concentration. Plots of % change We calculated 95% confidence bands (the 243 dashed lines) for the regression curves. These bands were chosen to have a 95% prior probability of covering the entire regression curve. They are also plotted in Figs. 2a-c. The estimate curves suggest that synergism occurs for total and small-colony mutants at all EMS doses tested, and for large-colony mutants at EMS doses above 315 /~g/ml. The lower 95% confidence band provides strong evidence of synergism for total and small-colony mutants at all 300. EMS doses tested, and for large-colony mutants above 400 ttg/ml. We tested the dependency of synergism on MMS concentration by substituting other constant doses (4.30 and 8.60 /~g/ml MMS) into mixtures containing the same graded levels of EMS (261, 392, 560 and 712/~g/ml). When the % change values were compared for the 3 MMS levels (4.30, 6.45 and 8.60 /~g/ml) by analysis of variance, no significant differences were obtained for total (F--0.91, df = 2 and 34, p > 0.40), small (F = 0.52, df = 2 and 34, p > 0.60), or large-colony mutants (F= 1.17, df = 2 and 34, p > 0.30). In this analysis of constant MMS:graded EMS experiments, 3 rephcate experiments contained 4.30 /tg/ml MMS, 5 replicate experiments contained 6.45 /~g/ml MMS, and 2 replicate experiments contained 8.60 /~g/ml MMS. Synergism was dependent on EMS concentration but not on MMS concentration.
Discussion
This paper is part of a systematic study of mixed exposures to mutagens. The identification of a mixture that significantly synergizes mutants in a standard mammalian cell assay points to the need for more information on the incidence, mechanism, and properties of synergism and on the risks that mixed exposures pose for health.
We have established the phenomenon of synergism by showing that mutant frequencies of mixed exposures are greater than the mutant frequencies expected by adding together the corresponding single agent exposures, i.e. IMFA+ B > IMF A + IMF B. Testing this simple comparison is permissable because our single agent dose responses follow linear functions (United Nations Scientific Committee, 1982). Fig. 1 shows that the dose response of EMS is linear, within the range that was tested, and our MMS dose response, agreeing with the data of Moore et al. (1985a) , also fits a linear function. Even though the absolute number of mutant colonies was not synergized, our data, when corrected for cytotoxicity, show that the induced mutant frequencies were synergized.
One advantage of using the mouse lymphoma cell assay for studying mutagenesis is that these cells produce two types of TK -/-mutants. One type forms large colonies, reflecting single-gene mutations, and the other type forms small colonies, reflecting chromosomal mutations. A good example of the assay's usefulness is the demonstration that simple methyl alkylating agents favor the formation of small-colony mutants, whereas their ethyl analogues favor the formation of large-colony mutants (Clive, 1983; Turner et al., 1984) .
These characteristics are exhibited to good advantage in our demonstration of synergism in mixtures that contain a constant dose of MMS and graded doses of EMS. Our analysis shows that the frequency of total mutants is synergized. This frequency is composed of small and large colony mutants. Of the two colony types, smallcolony mutants are synergized to a greater extent and at lower EMS doses than large-colony mutants. Given that EMS favors the formation of large-colony mutants, we expected that if synergism were to occur, increasing the EMS dose would result in increasing synergism of large-colony mutants. Our data shows the opposite effect. Increasing exposures of EMS resulted in increased synergism of small-colony mutants.
We used % change as a mathematical expression for the magnitude of synergism. Our data show that the % change values in each experiment were greater than zero for total and small-colony mutants. The significance of the effect was confirmed using a statistical analysis that incorporated all the available data. This analysis suggests that the % change values, at the doses tested, were significantly greater than zero for total and smallcolony mutants, and greater than zero for largecolony mutants at the highest EMS level tested. The statistical analysis confirms that the variability in the % change values was low enough to conclude that the mixtures of MMS and EMS were synergistic.
When this assay is conducted properly, the identification of small-and large-colony mutants reflect lesions in the genome rather than extragenetic factors. Competition for nutrients appears not to be a factor, since the number of mutant colonies that we counted in the mixture and single exposure plates were similar. For example, the number of total mutants counted after exposure to 560 /~g/ml EMS (Table 1) was 889 colonies. The number of total mutants after exposure to 6.45 /~g/ml MMS + 560/~g/ml EMS was 921 colonies. The similarity in the total number of mutant colonies speaks against the possibility that the increase in small colony mutants in mixed exposures results from "starving" of large-colony mutants by nutrient depletion from other colonies.
Cloning efficiencies (Table 1) show that cytotoxicity was not synergized. The viable count (VC) colonies listed in Table 1 , column 3, represent the number of colonies formed from plating 600 cells. For the mixture (6.45 /~g/ml MMS + 560 /tg/ml EMS), the viable count was 150 colonies, implying that the mixture was toxic for 450 cells (i.e., 600-150 = 450). The viable count for 6.45/~g/ml was 363; this exposure was toxic for 237 cells. For 560 /~g/ml EMS, the viable count was 311; this exposure was toxic for 289 cells. The cytotoxicity of the mixture (450 cells) was less than the sum of toxicities for MMS (237 cells) and EMS (289 cells).
We monitored the ratio of small to large mutant colonies in the 5 replicate experiments to assess the variability in colony type from experiment to experiment and to address the concern of an inadvertant counting bias in favor of small-colony mutants in mixed exposure experiments. It is important to show that errors in colony counting are not responsible for the apparent synergism of 245 small colony mutants. Table 3 shows the counts of small and large colony mutants, as well as the ratios in each of the experiments, for 6.45 #g/ml MMS, 560/~g/ml EMS, and 6.45/~g/ml MMS + 560/~g/ml EMS. Some variability in the ratios of small to large colonies is evident; however, the ratios for mixtures and single agent exposures within an experiment were always displaced in the same direction (either above or below the mean ratios) in each of the 5 experiments. For example, in Expt. No. 2 (Table 3) , the MMS ratio (0.99) was below its mean ratio (1.30), the EMS ratio (0.44) was below its mean (0.51), and the mixture ratio (0.70) was below its mean (1.02). This pattern was consistent for all 5 Expts., except for Expt. No. 4, where the experimental ratios closely approximated the mean ratios. This same pattern was observed in the other single and mixed exposures as well. Since the variabilities in the ratios for mixture and single agent exposures were consistently in the same direction within an experiment, bias in counting appears unlikely.
This paper demonstrates synergism of mutant colonies resulting from exposure of mouse lymphoma cells to binary mixtures of EMS and MMS. Synergism was more apparent in small rather than large colony mutants. These results imply that binary mixtures synergize intergenic (chromosomal) mutations. We have further studies 
